Abstract. The Huntington's disease gene encodes the protein huntingtin (Htt), a soluble protein that largely distributes to the cytoplasm where about half the protein is found in association with membranes. Early studies on Huntington's disease patients suggested changes in membrane phospholipids. Furthermore, changes in phospholipid biosynthetic enzymes have been found in HD cell models using genetic methods. Recent investigations prove that Htt associates with membranes by direct interactions with phospholipids in membranes. Htt contains at least two membrane binding domains, which may work in concert with each other, to target to the appropriate intracellular membranes for diverse functions. Htt has a particular affinity for a specific class of phospholipids called phosphatidylinositol phosphates; individual species of these phospholipids propagate signals promoting cell survival and regulating changes in morphology. Mutant Htt fragments can disrupt synthetic phospholipid bilayers and full-length mutant Htt shows increased binding to numerous phospholipids, supporting the idea that mutant Htt can introduce pathology at the level of phospholipid interactions. There is a great potential to develop therapeutic agents since numerous enzymes regulate the both the biosynthesis/metabolism of lipids and the post-translational modifications of Htt that direct membrane interactions. Understanding the relationship of Htt with membrane phospholipids, and the impact of mutant Htt on membrane-related functions and lipid metabolism, may help identify new modes of therapeutic intervention for Huntington's disease.
THE HUNTINGTON'S DISEASE PROTEIN
The Huntington's disease (HD) gene (IT-15 or HTT) encodes the protein huntingtin (Htt) [1] , which is ubiquitously expressed in postnatal mammalian cells and enriched in neurons [2] [3] [4] [5] . Htt is an essential protein for many species. Null mutations in mice created by homologous recombination results in embryonic lethality at day 7 and conditional inactivation of Htt during development or postnatal inactivation causes testicular degeneration and selective neurodegeneration [6] [7] [8] [9] [10] . These studies indicate a highly important function for Htt.
Human Htt is a soluble protein composed of 3144 amino acids that largely distributes to the cytoplasm, 240 Fig. 1 . Features of huntingtin (Htt). Black shaded area indicates polyglutamine tract, which is abnormally expanded in HD. White area indicates a large polyproline region. HEAT repeats are shown in grey [45] ; Ten repeats span three separate regions. Additional HEAT repeats have been detected throughout Htt (up to 88 repeats) using low threshold modeling [81] . MBD1, Membrane Binding Domain that is regulated by polyglutamine expansion exists between 1-89 [14, 43, 48] . MBD2, major membrane binding domain from aa 172-372, identified using deletion analysis [23] . The locations of amphipathic helices, which contribute to membrane binding, are indicated at 1-17 and 229-246 (yellow stars). Additional MBDs may yet be identified. Htt also can be palmitoylated at aa 214 [58] . Sites for post-translational modifications for phosphorylation/SUMOlation/ubiquitination (open arrowheads), acetylation (closed arrow head), and phosphorylation (small arrows) are indicated below. Large arrows show aspartyl protease and caspase cleavage sites in Htt. where about half the protein is found in association with membranes [2, 11, 12] . A CAG repeat is translated into a polyglutamine (Q) tract near the N-terminus of Htt. Expansion beyond a threshold of 36 repeats causes HD (Fig. 1) . Mutant Htt distributes to the same intracellular location as wild-type Htt including the plasma membrane, endosomes, the endoplasmic reticulum and synaptic sites [11] [12] [13] [14] [15] . Thus, mutant Htt is poised to disrupt normal Htt function at membranes and other membrane-related processes. Several membrane-associated functions have been ascribed to Htt although the exact molecular mechanisms are still being investigated. Htt can function to facilitate microtubule-dependent vesicle transport and may also help vesicles "decide" when to move from a microtubule to an actin filament and vice versa (reviewed by [16] . Studies on cells null for Htt implicate functions in adhesion [17] , motility [18] [19] [20] , Rab11-dependent vesicle budding [21] , and cholesterol and energy homeostasis [18, 22] . Htt may act as a molecular scaffold for coordination of membrane and cytoskeletal communication [16, 23] and to support growth factor signaling complexes [24, 25] .
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Despite its prominent membrane localization, relatively little is known about the relationship of Htt with lipids and the role of lipids in HD. Microarray analysis of HD cells suggested transcriptional deregulation of the cholesterol pathway reduced cholesterol levels have been shown in numerous HD models (reviewed in detail elsewhere [18, 26] ). Changes in the ganglioside GM1, which is found in membrane rafts and affects signaling pathways, have also been found and ascribed to altered transcription of metabolic enzymes; treatment with GM1 provides protection an HD cellular model [27, 28] . In this review, I will focus on the relationship of Htt with membrane phospholipids and known changes in HD.
FATTY ACIDS AND GLYCEROPHOSPHOLIPIDS IN HD
Glycerophospholipids or phospholipids are composed of fatty acids with hydrophobic acyl chains covalently adjoined to a glycerol backbone together with a polar head group. Phospholipids are amphipathic molecules that create bilayers and are major constituents of cellular membranes. Major phospholipid subclasses exist defined by their head group that are important for mammalian membranes: phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylserine (PS), Sphingomyelin (SM) and Cardiolipin (CL) (www.lipidmaps.org). Membranes of different organelles are composed of varied combinations of phospholipids. Differences in phospholipid composition also exist between the inner and outer leaflets of membranes. Membrane architecture and lateral mobility are affected by phospholipid composition, including acyl chain length and bond saturation, which in turn may affect signaling pathways and membrane associated functions. Saturated acyl chains (carbon chains with no double bonds) have straight structures which can pack tightly, whereas polyunsaturated acyl chains have distended structures preventing tight packing in the bilayer and promoting lateral mobility. Acyl chain identity can also have direct impacts on signaling outcomes. For instance, the polyunsaturated fatty acid arachidonic acid incorporates into PC, PE and PI. In the brain, arachidonic acid can be liberated by phospholipases to act as a second messenger and affect neurotransmission (reviewed by S. Chalon 2006 [29] ). Dopamine 2-receptor stimulation can activate this pathway and may modulate neurotransmission [30] . Modulation of neurotransmission via phospholipids is hypothesized to affect cognition [31] , which is an early symptom of HD.
Prior to identification of the HD mutation, the properties of membranes isolated from autopsy tissue of HD patients and from erythrocytes suggested pathological changes in membrane phospholipid composition. Lloyd and Davidson speculated that regulation of ␥-amino butyric acid (GABA) binding to receptors was influenced by phospholipid regulation in HD. They found that membranes isolated from postmortem cerebellum of HD patients had an increased affinity (Kd) for tritiated GABA compared those isolated from normal individuals, despite similar total number of binding sites; treatment of normal membranes with phospholipase C or Triton X-100 recapitulated the effect observed in HD membranes, and addition of PE to membranes corrected binding of GABA in HD membranes to control levels, suggesting an effect on phospholipids [32] . Ellison et al. reported decreases in phosphoethanolamine and ethanolamine (metabolites of PE) in both HD and in Alzheimer's disease and proposed the notion that phospholipid metabolism was altered in HD [33] . Another study by Sakai et al. showed reduced mean levels of docosahexaenoic acid in erythrocyte membranes of HD patients versus controls [34] . In a small clinical study, Puri found an altered response of HD patients to a skin flush test in response to niacin, which suggested changes in fatty acid metabolism [35] , since vasodilation in response to niacin is thought to depend on liberation of arachidonic acid from membranes and its conversion to Prostoglandin D2 [36, 37] . Thus, physicians and scientists have long hypothesized that changes in membrane phospholipids might cause pathology in HD patients [38] .
Clinical and preclinical trials supplementing diet with fatty acids to alter or restore membrane composition have yielded mixed results. Studies in a transgenic mouse model of HD expressing exon1 of human Htt (R6/1 mice) showed that supplementation of a mix of essential fatty acids could improve motor symptoms, but did not alter disease course [39] . A study using oral ethyl-eicosapentaenoate (ethyl-EPA), a pro form of the n-3 essential fatty acid EPA, showed significant improvement in motor symptoms with no change in neurodegeneration in the YAC 128 mouse model of HD, which over-expresses full-length human Htt [40] . Clinical trials in human HD patients with ethyl-EPA showed stability or improvement of motor function in patients who adhered to the protocol (PP, or "per protocol") compared to placebo [41] ; however, no significance was achieved with the larger cohort of "Intent-to-treat" patients and the study design was not intended to measure changes in motor function. In patients from the same study, reduced cerebral atrophy was also observed in the PP group compared to placebo [42] . In two follow up Phase III studies specifically designed to determine whether ethyl-EPA improves motor function after 6 months treatment, no significant difference between the placebo and treatment group was found [43, 44] ; however, in the open label phase which followed for an additional 6 months, for patients in the treatment group the total motor score did not change from their initial baseline score at the beginning of the trial, whereas for patients in the placebo group total motor scores were worse [43] . While the results at 12 months suggest some efficacy, more than one third of the placebo group dropped out of the study at 6 months and the study was not powered to detect changes as small as those measured at 12 months, so no positive conclusions can be made. Although viewed as failed trials, these results do not exclude the possibility that treatment with a different fatty acid or mix of fatty acids, or longer term treatment with ethyl-EPA, might have disease-modifying effects in HD.
Metabolism of phospholipids and fatty acids has also been implicated in cell and animal models of HD. Decreased levels of transcription for enzymes in the biosynthetic pathway for triglycerides and phospholipids were found in cells expressing mutant Htt [38, 45] . Changes in lipid/sterol/lipoprotein pathways were found in a genome-wide expression analysis of an allelic series of mouse embryonic stem cells expressing endogenous Htt with increasing polyglutamine lengths; Htt null cells also showed changes in the lipid/sterol/lipoprotein pathway, although a different set of genes were changed [22] . Mutant Htt increases the sensitivity of the inositol (1,4,5) triphosphate (IP3) receptor to IP3, resulting in altered intracellular calcium homeostasis [46] . IP3 is produced together with the signaling molecule diacylglycerol (DAG) from PI (4, 5) bisphosphate by phospholipases. A recent study by Ellerby and colleagues also implicates diacylglycerol kinase (DGK) , which catalyze conversion of DAG to PA, in HD [47] . Using a screen of small molecule kinase inhibitors, they identified DGK inhibitor II as a molecule that could suppress mutant Htt induced toxicity in a cell model. Levels of DGK in particular were increased in R6/2 HD transgenic mouse striatum and siRNAs targeting DGK could decrease toxicity in their cell model [47] .
New methods of mass spectrometry together with generation of lipid standards developed by small biotech companies have revolutionized the ability of chemists to detect and quantify lipid species from complex mixtures. Though still difficult due to the large number of molecular species present in living organisms, several groups have undertaken the task of identifying novel changes in levels of phospholipids and related metabolites between control and HD patients, as well as between wild-type and HD mice models. It will then be a challenge to determine whether any measured changes are caused directly by the HD mutation or are downstream sequelae, and ascertain whether therapeutic intervention is possible or useful.
HUNTINGTIN STRUCTURE AND MEMBRANE BINDING DOMAINS
Htt contains two membrane binding domains found within the first 500 amino acids capable of binding directly to phospholipids and targeting Htt to cellular membranes ( Fig. 1) [14, 23, 48, 49] . Extensive deletion analysis within Htt 1-969 defined aa171-373 as a major membrane binding domain for wild-type Htt (Fig. 1,  MBD2 ) [23] . Expression of Htt 1-287 which contains half of this region targets almost exclusively to the plasma membrane when detected using immunofluorescence [23] ; expression of Htt 1-969 targets to plasma membranes at clathrin coats, endosomes, multivesicular bodies, lysosomes and autophagosomes when detected using immunogold electron microscopy [11] . Computational structural predictions suggest that this domain is largely alpha helical, precisely matching the HEAT repeats first defined by Andrade and Bork [50] , and bears an amphipathic helix. The sequence containing the helix was shown to insert into phospholipid bilayers empirically using differential scanning calorimetry ( Fig. 2A-C 1 ) [23] . Electrostatic mapping indicated the area encompassing amino acids 172-372 emanates a large positive charge (Fig. 2D 1 ) . We determined using lipid overlays that Htt bound preferentially to acidic (negatively charged) phospholipids, consistent with the presence of a cationic binding domain [23] . Importantly, we demonstrated that immunopurified Flag-tagged Htt directly bound synthetic large unilamellar vesicles (LUVs) composed of PC:PE and phosphatidylinositol 3,4-bisphosphate (PI(3,4)P2) (5 : 4:1 molar ratios), supporting the contention that Htt binds to membranes through direct interactions with phospholipids [49] .
Another membrane binding domain exists within 1-89aa (or exon1) of Htt (Fig. 1, MBD1 ). Studies show that Htt residues 1-17 and 1-89 (exon1) fused to GFP or GST, respectively, can target to synthetic membranes [14, 48, 49, 51, 52] . Structural predictions and point mutations showed that aa1-17 of Htt also form an amphipathic helix, which can target Htt 1-89 to ER membranes and autophagic vacuoles in cells [14] , and to mitochondrial, Golgi and ER membranes [53] . Changes in helical content monitored by circular dichroism were observed with Htt 1-17 incubated with LUVs of PC or PC:PS (7 : 3 molar ratio), and blocked by mutation of a methionine at aa 8 to proline (M8P) [14] , supporting the notion that Htt directly interacts with phospholipids. Wanker and colleagues investigated interactions of purified GST-Htt 1-89 with lipid vesicles of various compositions [48] . They found that both soluble GST-Htt1-89 with normal and expanded polyglutamines could bind and perturb LUVs composed of brain lipids, and that the proline region adjacent to the polyglutamine stretch ( Fig. 1) was important for the interaction with lipids [48] . Recent studies using atomic force microscopy to monitor aggregation and vesicle permeation confirm that Htt 1-17 inserts into synthetic lipid membranes and show that the polyproline region can modulate its behavior [51, 52] . Using solid state nuclear magnetic resonance (NMR), Michalek et al. demonstrated that Htt1-17 converts from random coil in aqueous solution to an alpha-helical structure when associated with lipid bilayers, and aligns almost parallel to the surface with a tilt angle of 75 • [51] . Further studies using solution-and solid-state NMR to determine the high resolution structure of Htt 1-17 in phosphocholine micelles and phospholipid bilayers indicate that Htt K6-F17 adopt an alpha-helical conformation upon binding to phospholipids (Fig. 3 2 ) [54]. X-ray crystallography of Htt 1-89 with a wild-type glutamine tract also showed Htt 1-17 forms an alpha-helix as a crystal [55] . In agreement with these studies, we also found that wild-type Htt 1-102 containing MBD1 can interact with phospholipids and GST-Htt1-89 could insert into lipid bilayers containing PS or PG [49, 56] ; however, the affinity for cellular membranes or LUVs is much lower for Htt 1-102 when compared directly to Htt 1-287 aa, or compared to longer Htt fragments containing the full MBD2. Consistent with this finding, Michalek and colleagues found that Htt1-17 a) had reduced membrane partitioning as measured by transition from random coil to helical conformation using circular dicroism and b) did not permeabilize synthetic lipid membranes when tests were performed with compositions that closely mimicked cell membranes [51] . In this study, syn- Fig. 2 . A, Three-dimensional model for htt residues 201-327 based on homology modeling with the crystalline coordinates from the Protein Phosphatase 2A PR65/A. See original article for color. The consecutive 3 HEAT repeats are each composed of paired alpha-helices. The second helices of the first 2 repeats are interrupted in their mid sections producing a kink in the overall alignment. The region that can insert into synthetic lipid vesicles (residues 229-246) is colored yellow, the amino-terminus is in blue, and the carboxyl-terminus is colored red. B, Space-filling representations of (A) demonstrates the distribution of charge groups. Negatively charged residues (D, E) are colored red, positively charged amino acids are colored blue (H, K, R) and the amino/carboxyl termini are indicated in brown. The model on the left is oriented identically to that in (A) whereas the right model has been rotated 180 degrees around the vertical axis. C, Helical wheel representation of htt segment 229-241 as an amphipathic helix. Although shown here as a continuous helix, homology modeling with the HEAT repeats of the protein phosphatase 2A PR65/A suggests that only htt residues 229-231 and 235-241 are true alpha-helix (as in A). Intercalated residues 232-234 form a distorted helix-type structure that may be conformationally flexible. The dashed line demarcates the hypothetical boundary between lipid and cytosol; hydrophobic residues (black) on the top surface of the helix would interact with the hydrophobic acyl chains of the phospholipids, while neutral, charged (blue) and polar residues (green) would interact with the polar headgroups of phospholipids and aqueous cytosol. The wheel was drawn with the assistance of WinPep [82] . D, Electrostatic potential map for htt residues 201-327 with residues 229-246 shown in yellow. A large distribution of positive potential may account for htt's preference for anionic phospholipids. The potential map was calculated with Deep View -The Swiss-PdbViewer using the Coulomb method with a solvent dielectric constant of 80. The map is contoured at -1.80 kT/e (red)<0.0 kT/e (white)<1.80 kT/e (blue) [83] . 1 thetic unilamellar vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPC/POPS) (75 : 25 molar ratio) were used for circular dicroism and dye release assays. When cholesterol was added to the POPC/POPS vesicles, dye release and membrane partitioning were significantly reduced. Since cholesterol is a major component of plasma membranes, this may explain why the two studies using Htt 1-89 did not find plasma membrane targeting [14, 53] . As discussed above, larger Htt fragments containing MBD2 and full length Htt can localize to the plasma membrane, implicating MBD2 in targeting to cholesterol-enriched membranes. Truants and colleagues have reported that M8P mutation in MBD1 is sufficient to disrupt membrane localization of exogenous full-length Htt in HEK cells, suggesting this region is a master regulator for Htt. One caveat to this experiment is that only the ratio of cytoplasmic to total fluorescent signal was quantified. No biochemical subcellular fractionations were performed for the exogenously expressed proteins in HEK cells; thus, one cannot determine whether proteolysis proximal to MBD2 occurred liberating a fragment capable of diffusing into the nucleus. A change in fluorescence could also be due to a shift of soluble cytoplasmic Htt to the nucleus. The M8P mutation may disrupt the nuclear export signal function of N1-17 [47, 57] , causing increased nuclear localization of normally soluble Htt without affecting the membrane-localized pool of Htt. Furthermore, mutation of S13 and S16 to alanine or aspartate in fulllength Htt in BACHD mouse brain showed no change in subcellular distribution assessed by IHC and by subcellular biochemical fractionations which included nuclear, mitochondrial and microsomal fractions [58] . Thus, while Htt1-17 is a powerful domain targeting Htt exon1 protein (Htt1-89) to membranes, other domains in full-length Htt work in concert with or compete with Htt1-17. Additional MBDs may exist in regions distal to aa969 that have not yet been identified.
Membrane targeting through binding to specific phospholipids
Targeting to discreet sites on the plasma membrane or on specific organelles can occur through binding to specific lipids. Phosphatidylinositol phosphates (PIPs) are a set of anionic phospholipids which can serve as docking sites on membranes for specific proteins creating compartmentalized function [59] [60] [61] . PIPs are created by phosphorylation of PI at the 3, 4, or 5 positions on the inositol lipid head group. PIPs can be quickly created or metabolized by lipid kinases and phosphatases, facilitating rapid propagation and termination of signals. Lipid overlay experiments indicated that Htt binds multivalent PIPs, consistent with an electrostatic mode of association [23] . When tested using in vitro binding and sedimentation assays with synthetic LUVs to quantify affinity, the specific PIPs to which Htt associated in order of decreasing strength were: PI 3,4-bisphosphate (PI(3,4)P2), PI 3,5-bisphosphate (PI(3,5)P2), and PI 3,4,5-triphosphate (PI(3,4,5)P3) [49] . These phospholipids are found in low abundance in membranes (0.1% of total lipids) and localize to discreet intracellular locations to perform specialized functions (Table 1) . Htt binds to PIPs that are products of PI 3-kinases. There are several classes of PI 3-kinases which regulate numerous functions including cell survival, morphology changes, and membrane dynamics [62, 63] . Htt mobilized to the plasma membrane after growth factor stimulation [49] , which activates class I A PI 3-kinases producing PI(3,4)P2 and PI(3,4,5)P3 [63, 64] . Together, these results suggest that Htt may normally function in receptor tyrosine kinase/PI 3-kinases dependent signaling (Fig. 4) . For instance, Htt could act as a scaffold to build multiprotein complexes at membrane surfaces to coordinate actin dependent neurite outgrowth. Htt may participate in other functions associated with particular phospholipids such as budding of endocytic vesicles from the plasma membrane or multivesicular bodies. Interestingly, Huntingtin Interacting Protein 1 (HIP1) [65, 66] , which is involved in endocytosis and receptor tyrosine kinase stability, also binds PI(3,4)P2 and PI(3,5)P2 [67] . Htt may work in concert with HIP1 at membranes enriched in these PIPs, although Htt does not require HIP1 to target to membranes [23] . Future studies should illuminate these and other lipid dependent functions of Htt.
The highest affinity binding of Htt for any phospholipid measured was for cardiolipin [49] . However, cardiolipin is found on the inner mitochondrial membrane; whereas Htt1-89 has been localized to outer mitochondrial membranes [53] , little, if any, Htt has been detected with inner mitochondrial membranes using immunofluorescence, biochemical methods or immuno-electron microscopy. Further investigations will be required to determine if Htt has a normal function associated with mitochondria or cardiolipin.
Regulations of Htt membrane interactions
Regulation of Htt association with membranes is still being explored but may occur through multiple post-translational mechanisms or through proteolysis of Htt (Fig. 1) . Targeting and anchoring of Htt to specific membranes may be influenced by palmitoylation at cysteine 214 by the Htt interacting protein and palmitoyl acyl transferase, HIP14 [68, 69] . Wildtype Htt enhances the transferase activity of HIP14 and the related protein, HIP14 L, on target proteins including the synaptic protein SNAP25; mutant Htt interferes with enzymatic activity and interacts less well with HIP14. Indeed, loss of HIP14 or HIP14 L in mice results in a HD-like phenotype. Membrane interactions dependent on Htt 1-17aa could be modulated by phosphorylation near the amino terminus Other proteins kinases such as ERKs are also recruited at independent sites. Using PI(4)P2 and PI(4,5)P2 as a substrate, PI 3-kinase creates PI(3,4)P2 and PI (3, 4, 5) P3 at the membrane. These PIPs provide high affinity binding sites on the inner membrane (cytosolic) surface for proteins such as Htt and AKT. Htt may act as a scaffold to build complexes that regulate signaling or subcortical actin remodeling and neurite outgrowth (left). Normal phosphorylation of Htt by AKT (left) is inhibited in HD (right). In the presence of Mutant Htt, active, unphosphorylated GSK3beta accumulates at rafts where it may activate cell death pathways and contribute to neuronal death (right). [14] . Phoshorylation occurs in vivo at T3 and can modulate aggregation in Q140 HD mice, but effects on membrane localization have not been investigated [70] . Phosphorylation at S13 and S16 regulate further modification at K6, K9, K15 by acetylation, SUMOlation, and ubiquitination [71] [72] [73] . Phosphorylation at either S13 or S16 releases Htt1-89 from membranes and increases turnover; however, as discussed above, mutation of S13 and S16 to alanine or aspartate in full-length Htt in BACHD mouse brain did not change subcellular locale [58] . Phosphorylation at S421 by AKT and at S434, S1181, and S1201 by cdk5 [74] [75] [76] [77] could also regulate membrane interactions through unknown MBDs or by regulating intramolecular interactions within Htt. Acetylation at Htt 444 targets Htt to autophagic membranes [78] . Htt is subject to proteolysis by numerous proteases including aspartyl proteases, which cleave between MBD1 and MBD2 and could act to separate function of the two MBDs, and caspases, which cleave distal to MBD2 and could liberate C-terminal region of Htt. Reduced affinity for membranes could also be achieved rapidly through modification of PIPs by lipid phosphatases, thus eliminating the high affinity-binding site for Htt. In summary, numerous enzymatic targets may exist that regulate Htt-membrane interactions. Future studies will be needed to determine if any are suitable for testing therapeutic intervention.
POLYGLUTAMINE EXPANSION AND MEMBRANE DISRUPTION IN HD
Polyglutamine expansion has profound effects on membrane binding of small exogenously expressed Htt fragments containing only MBD1. Mutant Htt1-102 showed increased binding to synthetic lipid vesicles [49] , and GST-Htt1-89 with expanded polyglutamines showed increased insertion into lipid bilayers using differential scanning calorimetry [56] . In the study by Suopanki et al., LUVS composed of brain lipids could stimulate fibrillogenesis of mutant Htt 1-89, where-as LUVs composed of PC reduced insoluble aggregate formation [48] . Recent studies using atomic force microscopy confirmed that aggregation of Htt exon1 was accelerated by membranes from purified brain lipids, and showed that lipid induced aggregation was polyglutamine length dependent [52] . Truant and colleagues reported a loss of ER targeting with mutant Htt and a concatenate increase in nuclear entry [14] . Disruption of lipid bilayers has been hypothesized to occur by a mechanism where-by extended polyglutamine tracts insert and form channels [79] . Whether this can occur when polyglutamine is in the context of Htt protein is unclear, but perturbations of phospholipid bilayers clearly occur when mutant Htt fragments are introduced. Full-length endogenous mutant Htt from homozygous Q140 knock-in HD mouse brain cytosol has increased interactions with several phospholipids compared to wild-type Htt when tested using in vitro binding and sedimentation assays with synthetic lipid vesicles [49] . Of particular interest, mutant Htt showed significant binding to PE, a major constituent of all membranes, and to PI 4,5-bisphosphate (PI(4,5)P2) ( Table 2 ); in contrast wild-type Htt does not bind appreciably to either of these phospholipids. Because PE is such an abundant membrane phospholipid, binding of mutant Htt to PE could affect lateral lipid mobility and raft formation, or prevent mutant Htt from localizing to normal membrane sites and compartmentalizing function. Increased binding to PE might also contribute to the membrane-related effects on GABA binding affinity observed in HD patients described above. Increased binding of mutant Htt to PI(4,5)P2 could prevent normal binding of other protein PI effectors [61] , or alter metabolism to the signaling molecules diacylglyceral (DAG) and Inositol (1,4,5)P3 by phospholipase C [60] . Ellerby and colleagues reported changes in levels of PI and PIP2 (likely PI(4,5)P2) containing stearoyl and arachidonoyl acyl chains (38 : 4) in a striatal cell model of HD [47] . Mutant Htt showed increased association with the signaling lipid PI(3,4,5)P3 compared to wildtype Htt [49] . In HD, this may result in altered PI 3-kinase dependent signaling downstream of growth factors such as BDNF. Interestingly, Htt is normally phosphorylated by AKT in response to growth factor stimulation and mutant Htt is less efficiently phosphorylated; Htt AKT proteins bind to PI(3,4,5)P3 during growth factor stimulation (Fig. 4) . One possibility is that inappropriate binding of mutant Htt to PI(3,4,5)P3 sterically hinders its interaction with the catalytic site in AKT.
Endogenous mutant Htt is found at higher levels in primary neuron membrane raft fractions, as is GSK3-beta, a signaling molecule that regulates cell death [80] . Raft fractions are thought to represent segregated membrane domains that are composed of a different set of phospholipids with a high percentage of saturated acyl chains, whereas non-raft fractions have a higher percentage of unsaturated acyl chains, and also contain cholesterol and GM1 and PI(3,4,5)P3. It is as yet unclear how mutant Htt alters GSK3-beta localization to rafts, however, HD primary neurons are protected by GSK3-beta inhibitors (Fig. 4) [80] .
CONCLUSIONS
Membrane related changes were described as early biochemical features of HD and continue to be important avenues of study due to the prominent membrane location of Htt. Htt associates with membranes via direct interactions with phospholipids through at least two domains that may work in concert with each other to target to the appropriate intracellular membrane for diverse functions. Amino-terminal mutant Htt fragments can disrupt synthetic phospholipid bilayers and full-length mutant Htt shows increased binding to numerous phospholipids, supporting the idea that mutant Htt can introduce pathology at the level of phospholipid interactions. Current studies on phospholipid levels using mass spectrometry will determine whether Htt-phospholipid interactions also alter metabolism of lipids in HD. Future studies defining the regulation of Htt-phospholipid interactions will be crucial for elucidating molecular mechanisms of normal Htt function and may identify potential new targets for therapeutic interventions in HD.
